The impact of the diet and dietary components on CVD has been widely recognized in recent years [4, 5] . Therefore, prevention through the introduction of lifestyle and proper nutrition habits is now considered a primary strategy for what we call healthy aging. Omics-based studies, including genomics, transcriptomics, proteomics, and metabolomics, have been recognized as powerful analytical tools in cardiovascular research [6] . Specifically, the proteomic approach offers an unbiased way to study changes in protein levels induced by different experimental conditions and a major challenge of proteome research is detecting clinically useful biomarkers of disease, treatment response and aging [7] . Moreover, proteomic approach instead of the analysis of gene expression, focuses on the products that perform the biological function [8] .
Despite that proteomics represents a novel and promising tool to uncover the mechanisms of action as a response to diet or nutrients, the actual use of this technique in dietary interventions is still rather limited [9] . Regarding proteomics focused on heart tissue testing resveratrol [12, 13] . Other studies analyzing proteome on diseased cardiovascular tissues, such as calcific aortic valve or infarcted myocardium have reflected important changes in protein induced by disease [14] . However, to the best of our knowledge, no study has reported so far the modulation of aorta and heart proteome by bioactive compounds, specifically phenolic compounds, in healthy animals to address future cardiovascular protection. Small animal models have provided insight into the fundamental mechanisms driving early atherosclerosis, but it is increasingly clear that new strategies and research tools are needed to translate these discoveries into improved prevention and treatment of symptomatic atherosclerosis in humans.
The hypothesis of the present work is that VOO phenolic compounds could promote protective effects in cardiovascular system in healthy animals. In an effort to understand the underlying molecular mechanisms of VOO phenols and to identify their potential target protein molecules in cardiovascular tissues, in the present study we performed a proteomic comparative analysis of the aorta and heart tissues of healthy female rats in response to supplemented diet with the equivalent of 5 mg phenol/kg rat weight during 21 days of HT as a pure molecule or its complex occurring forms in VOO through an extract rich in SEC, respectively.
Materials and Methods

Chemicals and reagents
HT was provided by Seprox Biotech (Madrid, Spain), homovanillic acid by Fluka Co. (Steinheim, Switzerland) and catechol from Sigma-Aldrich (St. Louis, MO, 10-plex isobaric reagents were from Thermo Fisher Scientific (San José, CA, USA).
Organic solvents were liquid chromatography-mass spectrometry grade from Panreac (Barcelona, Spain). Unless otherwise noted, all other chemicals were from SigmaAldrich (St. Louis, MO, USA).
Secoiridoid extract
Ethanolic phenolic extract rich in SEC was obtained from Arbequina olive cake by pressurized liquid extraction (ASE 100 Dionex, Sunnyvale, California, USA) based on the method of Suárez et al [15] ,Extraction conditions were: ethanol/water (80:20, v/v) at 80ºC, 60% setting volume and two static cycles of 5 min in each extraction, then, sample was purged with nitrogen (≥ 99.99% purity, Alphagaz, Madrid, Spain). After that, ethanol was rotary evaporated until its elimination (Buchi, New Castle, DE, USA).
Aqueous extract was freeze-dried and stored at -80ºC in N 2 atmosphere until use. The extract was mainly composed by dialdehydic form of decarboxymethyl EA linked to HT or 3,4-DHPEA-EDA (85%). It also contained minor proportions of free HT and other secoiridoids providing HT such as the isomer of oleuropein aglycone or 3,4-DHPEA-EA (Supporting information: Table 1 ). In order to calculate the administered dose of 5 mg/kg weight of SEC, only 3,4-DHPEA-EDA was considered as it is the main secoiridoid derivative providing HT.
Animals and experimental procedure
Twelve female Wistar rats weighted among 300-350 g were obtained from
Charles River Laboratories (Barcelona, Spain). They were separated into three groups Supplemented diet preparation was based on follow up the food intake and animal weight during 3 days a week. . Briefly commercial fed pellets (Harlan laboratories, Barcelona, Spain) were crushed andmixed with Milli-Q water containing the equivalent of 5 mg of HT or SEC/kg rat weight in average of daily consumption of each rat and were then freeze-dried.
After 21 days of treatment rats were sacrificed by intracardiac puncture after isoflurane anaesthesia (IsoFlo, Veterinarian Esteve, Bologna, Italy). After blood collection, rats were perfused by isotonic solution of NaCl 0.9% to remove the remaining blood irrigating tissues and heart and aorta were excised from the rats. All samples were stored at -80ºC until analysis.
Heart tissue sample pre-treatment and phenolic chromatographic analysis
In order to study the disposition of phenolic compounds on heart tissue after HT or SEC treatments, the free HT and its biological metabolites were determined. Aorta was not analyzed as it was entirely used for proteomic analysis. Prior to the chromatographic analysis, heart was freeze-dried and homogeneus samples were sequentially pre-treated with a combination of liquid-solid extraction combined with micro solid phase extraction as previously described [16] . Phenolic compounds were then analyzed by Acquity Ultra-Performance TM liquid chromatography coupled to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Proteomic sample preparation and quantitative analysis of the aorta and heart tissues
A quantitative proteomic study in aorta and heart rat tissues was performed using TMT isobaric tag labelling, off-gel fractionation and mass spectrometry based on nanoLC-Orbitrap technology was performed (Figure 1) . The different analytical steps are explained in detail in supporting information: Materials and Methods. proteins were overlaid with IPA-curated canonical pathways to explore possible metabolic and cell signaling pathways that were over-or under-represented by the experimentally determined genes. Specifically, we conducted two analysis: a) the common proteins up-or down-regulated in the same direction after both treatments (HT and SEC) in aorta or heart tissue compared to control group, to study the potential common HT and SEC mechanisms of action, and b) the whole dataset of proteins differentially expressed after HT or SEC treatments in aorta or heart tissue compared to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In addition, possible connections between mapped genes were evaluated and graphical networks were algorithmically generated. Nodes representing genes and gene products were linked by biological relationships. Networks were ranked by a score that defines the probability of a collection of nodes being equal to or greater than the number in a network achieved by chance alone.
Clustering and pathway analysis
Statistical analysis
The statistical analysis to find the significant protein changes between conditions included in the present studies was done by Mass Profiler Professional software v. 13.0 from Agilent Technologies (Santa Clara, CA, USA).
The statistical analysis was the same for aortic and heart tissue. The study comprises three different groups named as control, HT and SEC. A 1-Way ANOVA statistical test was applied with a p-value correction of Benjamin-Hochberg false discovery rate for multiple comparisons using the quantified proteins that appears in more than 66% of samples. Moreover multivariate statistical technique based on principal components analysis (PCA) was applied. There are 3 replicates for control condition (one is used for normalization and is not considered for statistical analysis) and 4 replicates for each treatment condition.
Results
Disposition of HT and its metabolites in heart tissue
As shown in Table 1 , after diet supplementation with 5 mg of HT or SEC/kg weight/day during 21 days, free HT was detected in heart tissue mainly in its free form and in a minor proportion as phase II metabolite HT-3-O-sulfate, which only appeared (Figure 2A ) most of these proteins were significantly modulated in the same direction after the two treatments (HT or SEC) compared to control group, and in most of the proteins FC values were strengthened after SEC diet supplementation compared to HT ( Figure 1A) , which is in accordance with the higher FC values of SEC.
Heart
In heart tissue we identified and quantified 1124 proteins and 34 proteins that significantly differed after HT and SEC treatments compared to control group (p<0.05).
All the up-or downregulated proteins with their corresponding FC values compared to the control group are listed in Table 3 and have been classified in a Venn diagram shown in Figure 2B . The corresponding information for all the identified proteins in heart is available in supporting information: Table 3 .
Comparative between HT treatment and control group revealed an up-regulation Among all the differentially expressed proteins, only two proteins, Actn4 and Rpl8, were found to be significantly modulated in both aorta and heart tissues. Following the pathway analysis strategy "a" described in section 2.6, we analyzed in IPA the common proteins that were differentially up-or downregulated in the same direction in response to both the HT and SEC consumption in order to investigate common mechanisms after both treatments. Results regarding the top-scored canonical pathways, molecular and cellular functions, diseases and disorders and potential upstream regulators are presented in detail in Supporting information:
Pathway analysis of common proteins modulated by HT and SEC
Results.
Global proteome changes after HT or SEC and its relation with Cardiovascular System
Following the analysis strategy "b" the whole dataset of significantly expressed proteins after HT and SEC treatments in aorta (115 proteins) or heart (34 proteins) tissue compared to control group was analyzed in IPA with special focus on Cardiovascular System functions.
Aorta tissue
When the complete dataset of proteins differentially expressed in aorta was analyzed, the top network found by IPA was "Cardiovascular System Development"
(score = 11). 11 proteins of the 115 regulated proteins in aorta were part of this network.
The graphical representation of the network is shown in Figure 3 , in which the modulated proteins (located in the cell compartments) have been highlighted in color and indicated when HT and SEC differently modulated a protein (up or down-regulated).
We observed a significant increase of Hk2, Fabp5, Ldh proteins and a decrease of Akr1b1, Capn2, Gja1, Rac1, Ilk, Vcl and Kng1/Kng1l1 proteins after both treatments.
Vim protein was up-regulated by HT treatment and down-regulated after SEC treatment.
Some of these proteins (Kng1, Hk2, Gja1 and Rac1) were found by IPA to have a Table   4 . These proteins were mainly related to cardiac functions in this tissue such as occlusion of blood vessel and proliferation of endothelial cells.
Other proteins implicated in the network and connected with the proteins detected in our study were: NF-κB, Hspb1, Prkce, Pten, Mapk14, Prkca, Nos2, Erk1/2, Pka, Akt, Pdpk1, Pak2, Pxn, Rhoa, Nos3, Casp3, Pik3r1, Dock7, Cav3, Agtr2, Slc2a4, Igf1r, Cav1 and Ctgf. As shown NF-κB complex and Akt appeared to be key proteins in the network.
Heart tissue
In the case of heart tissue, the top network found by IPA was "Cardiovascular System Development and Cancer" (score = 57). 21 proteins of the 34 regulated proteins in heart were part of this network, which is represented in down-regulated after SEC treatment. As in aorta, some of these proteins had a strong relation with specific cardiovascular system functions, which are listed in Table 4 .
Some of these proteins such as Camk2d, Fkbp1a and Tuba4a, were related to cardiac functions and other proteins such as Dlat, Dld and Por were related to lipid metabolism.
Other proteins implicated in the network were Ppil4, Nf-kB, estrogen receptor, Hsp90, Calcineurin proteins, Caspase, Akt, P38 Mapk, Pka, Cd3 and N-methyl-R-salsolinol.
NF-κB complex also resulted in a pivotal position as in aorta network. 
Discussion
Under the hypothesis that VOO phenolic compounds could promote benefits in cardiovascular system by inducing changes in the heart and aorta protein levels, in the present study we performed a proteomic analysis of the aorta and heart tissues of healthy rats in response to a diet supplemented with HT to investigate the underlying molecular mechanism of HT and to identify potential target proteins in cardiovascular tissues. HT was administrated either as a pure molecule or through its complex occurring forms in VOO (SEC) at the same daily dose (5 mg/kg rat weight) in order to investigate possible differences in the molecular mechanisms depending on the chemical structure administered.
Aorta and heart proteome modulation by HT and SEC
Proteomic analysis revealed that the heart and aorta proteome significantly There are scarce data in the bibliography regarding the effect of olive phenols on the tissue proteome modulation and so far no studies have been performed with heart and aorta tissues. Only some studies performed in injured liver of rat or mice and the hepatic proteome analysis revealed that VOO phenolic compounds could have benefits against chronic liver injury and steatosis, which was attributed to the modulation of proteins related to antioxidant mechanisms [19] [20] [21] . In other studies, the effect of VOO on the plasma proteome during aging in rats was analyzed [22] and also the impact on the HDL protein cargo of the intake of VOO and two other phenol-enriched VOO in hypercholesterolemic subjects [23] . In both cases, a modulation of proteins related to cholesterol homeostasis, protection against oxidation and blood coagulation was observed.
When comparing HT and SEC, diet supplementation with SEC leaded to higher FC values. These differences could be attributed to the higher concentration of free HT detected in heart tissue after SEC diet ( Table 1 ). In our previous work it was demonstrated that despite that HT and SEC were administered at the same dose (5 mg/kg rat weight), the urinary recovery of HT metabolites was higher with SEC, indicating that the bioavailability of HT was more effective with the intake of the more complex structure as SEC (Lopez de las Hazas 2016; J Func Foods, submitted).
Consequently, higher amounts of HT and HT metabolites were able to reach the target tissue (heart) and could have exerted a greater modulation of the proteome. These results highlight that the complementary information regarding the bioavailability and the tissue disposition of the phenolic metabolites is critical to understand and determine the bioactivity exerted in that tissue. Our results demonstrate that phenolic compounds were effectively absorbed and could reach target tissues such as heart. In accordance, in a previous study performed by our group demonstrated that the free HT at physiological 
Pathway analysis of common proteins modulated by HT and SEC
In a first step, we analyzed in IPA the common proteins that were differentially expressed in the same direction after HT and SEC supplementation. From these results
we highlight the potential upstream regulators that appeared to be implicated, which allowed us to identify the molecules upstream of the proteins that potentially explain the observed expression changes.
In the case of aorta, Myc, Myocd, Pias1, Yap1 and Srf appeared to be potentially In heart tissue, the top upstream regulators that appeared to be potentially implicated were E2f4 and PPAR-γ. The transcription factor E2f4 has been shown to act as an activator of cardiomyocyte proliferation, a required regulator for cardiac regeneration [27] . PPAR-γ has been well recognized to be a central player participating in various biological responses, including lipid metabolism, inflammation, and cell proliferation, the underlying pathological processes of metabolic diseases and cancer [28] . So, the potentially implication of these upstream regulators in aorta and heart 
Global network analysis after HT or SEC and its relation with Cardiovascular System
The network analysis based on the whole expressed proteins after HT and SEC diets demonstrated that the top-scored networks were related to Cardiovascular System Development in both tissues (Figures 3 and 4) , and specifically, some of the modulated proteins appeared to be involved in particular cardiac functions and lipid metabolism (Table 4 ). In the case of aorta (Figure 3) , the proteins involved in the top-scored network were mainly related to several cardiac functions. One of the down-regulated proteins was T-kininogen 2 (-1,2-fold and -2,7-fold for HT and SEC respectively), involved in the occlusion of blood vessel and proliferation of endothelial cells.
Kininogens are multifunctional proteins that act as precursor of kinins, small vasoactive peptides that promote endothelial cell proliferation through kinin receptors and its plasma levels have been related to inflammatory and aging processes in rats and humans [29] . In accordance with our results, T-kininogen precursor was significantly decreased after the intake of VOO compared with sunflower oil in rats [22] . Therefore, the decrease of T-kininogen 2 after intake of HT and SEC suggests that HT could contribute to the decline of inflammatory processes. Together with T-kininogen 2, Gap junction alpha-1 protein (Gja1), was also related to proliferation of endothelial cells, as well as with cardiogenesis and vasoconstriction of blood vessel and, in the same line, it was down-regulated after HT (-1,0-fold) and SEC (-1.7-fold) treatments.
Another relevant protein involved in the top-scored Cardiovascular System network in aorta was Rac1 (ras-related C3 botulinum toxin substrate 1), which was significantly down-regulated after HT (-1,0-fold) and SEC (-1,4-fold) diets and appeared to be implicated in the migration of endothelial cells and heart rate functions (Table 4) . Rac1 is a small GTPase essential for the assembly and activation of NADPH oxidase. Several molecular and cellular studies have reported the involvement of Rac1 in different cardiovascular pathologies, such as vascular smooth muscle proliferation, atherosclerosis and endothelial dysfunction [30] . Also an increased activation of NADPH oxidase by Rac1 has also been reported in animals and humans after myocardial infarction and heart failure [30] . Due to all these findings, Rac1 has emerged as a new pharmacological target for the treatment of CVD [31] . Thus, our results suggest that its down-regulation after HT and SEC consumption could imply a cardio-protection effect.
Hexokinase-2 (HK2) also appeared to be one of the differentially expressed proteins (1,3-fold for HT and 2,7-fold for SEC) related to the cardiovascular network in aorta and playing an important role in cell viability of cardiomyocytes and survival of ventricular myocytes (Table 4) . HKs are multifunctional proteins that orchestrate metabolic, antioxidant and direct anti-cell death effects [32] . HK2 specifically has a role in shuttling glucose-6-phosphate to glycolysis and oxidative phosphorylation when bound to mitochondria [33] . Genetic reduction of HK2 levels in heterozygous HK2
knock-out mice increased susceptibility to ischemia/reperfusion injury [34] indicating its cardioprotective role. In this sense, HK2 also increased the cell viability of cultured ventricular myocytes [35] . Therefore, the overexpression of HK2 after HT and SEC administration suggests that HK2 could be an important protein target for HT. Hspe1
(up-regulated by HT 1,1-fold and SEC 2,5-fold) was also related to cardiac necrosis/cell death observed by previous studies in which its up-regulation decreased apoptosis of cardiac myocytes from newborn rat [36] . In the same line of cardio-protection, heat shock 70 kDa protein (Hspa1a) was down-regulated after both treatments (-1.0-fold for HT and -2.3-fold for SEC). Hspa1a plays a multiple role in cellular homeostasis and its level increases rapidly in response to various types of severe stress. In fact, it has been related to the development of atherosclerosis [37] , and also seems to be a clinically useful biomarker for prediction of mortality in heart failure patients [38] . Apart from the implication of Hsp1a1 in the cardiovascular system, its overexpression has been linked to the development of some cancers, such as hepatocellular carcinoma, gastric cancers, colon cancers, breast cancers, and lung cancers, which led to its use as a prognostic marker for these cancers [39] .
Circulating Hspa1a has been also recently stablished as a clinical marker of rheumatoid arthritis, used for its diagnosis and monitoring the disease activity [40] . Moreover, the over-expression of Annexin 2 (Anxa2), which was down-regulated after both diets (-1,0-fold for HT and -1,4-fold for SEC), has been defined as a prognostic marker in certain cancers such as cholangiocarcinoma [41] . These results together with all the presented evidence, suggest that olive phenols not only might be able to modulate proteins related to the prevention of CVD, but could also exert a protector effect against cancer modulating some cancer-relevant proteins.
The network analysis in heart tissue revealed that the significantly expressed proteins were implicated in cardiac functions but also in the lipid metabolism. Fkbp1a
(peptidyl-prolyl cis-trans isomerase), which appeared to be related to heart failure, hypertrophy of left ventricle, congestive heart failure and systolic dysfunction, was upregulated 1.2-fold and 1,7-fold by HT and SEC, respectively. Previous studies show that mutant mice deficient in Fkbp1a develop multiple abnormalities in cardiac structure, including lack of compaction and thin ventricular walls [42] , suggesting that its upregulation could imply a positive effect preventing all these anomalies. In the same line, Interpreting the findings of the present proteomic study is mitigated by a limited understanding of the individual role of implicated proteins within the tissue. The differentially expressed proteins have been localized to specific signaling pathways or networks but the interplay between pathways is complex and incompletely understood.
Nevertheless, the findings of the present study clearly revealed that HT and SEC may In conclusion, proteomic analysis revealed that the heart and aorta proteome significantly changed after the diet supplementation with HT and SEC compared to the control group. As expected, most of the proteins were similarly modulated after HT and SEC, and FC values did not exceed in most cases 2.5 fold, which was attributed to the healthy status of the animals. The network analysis involving the differentially expressed proteins revealed that the top-scored networks were related to cardiovascular system in both aorta and heart tissues. Specifically, our results demonstrated that HT and SEC are able to positively regulate the expression of relevant proteins (Rac1, Tkininogen 2, Gja1 and Hsp1a1) in aorta tissue related to atherosclerotic processes such as proliferation and migration of endothelial cells and occlusion of blood vessels. In heart, the more relevant modulated proteins (Camk2d and Fkbp1a) were related to cardiac functions such as heart failure.
Moreover, other prognostic markers for some cancers, Hsp1a1 and Anxa2, were modulated after HT and SEC treatments, suggesting that olive phenols could also exert a protector effect against cancer.
Diet supplementation with SEC demonstrated higher FC values which was attributed to the higher concentration of HT detected in heart tissue as consequence of the more effective bioavailability and heart tissue disposition. These results suggest that SEC, the main phenolics present in VOO, could have a higher cardio-protective effect than free HT.
In this study we present the proteomic technique applied to healthy cardiovascular tissues as a novel approach to gain knowledge in the possible root causes Interaction between the proteins differentially expressed in heart after HT or SEC treatments and other important proteins related to the same network. HT or SEC are [10] Kaga, E., Karademir, B., Baykal, A.T., Ozer, N.K., Identification of differentially expressed proteins in atherosclerotic aorta and effect of vitamin E. J. Proteomics 2013, 92, 260-73.
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